Abstract. Field and laboratory studies were carried out in October and November 2005 to provide a comparative evaluation of the performance of three rapid malaria detection tests, two of which were recently introduced (the CareStart™ Malaria test and the SD Malaria Antigen Bioline™ test) and the well-known OptiMAL-IT™ test. Compared with microscopy, the sensitivity of the three tests to detect Plasmodium falciparum malaria was 97% for the CareStart™ Malaria test, 89.4% for the SD Malaria Antigen Bioline™ test, and 92.6% for the OptiMAL-IT™ test. The three tests were less sensitive in detecting non-P. falciparum infections, and the sensitivity decreased at levels of parasitemia Յ 500 parasites/L for P. falciparum and Յ 5,000 parasites/L for other Plasmodium spp. On the basis of World Health Organization recommendations, only the CareStart™ Malaria test and the OptiMAL-IT™ test had sensitivities greater than 95% for samples with parasitemias Ն 100 parasites/L.
INTRODUCTION
In Madagascar, malaria remains a major public health problem and is the primary cause of morbidity. In 2003, malaria accounted for 18.8% of all outpatient cases (2,114,400 suspected malaria cases including 740,000 children less than five years of age). 1, 2 Health centers in 111 districts are well distributed over the whole island, but we observed that these centers are lacking in material and human resources. The malaria diagnostic approach currently used in these centers is based solely on clinical diagnosis. However, because the symptoms of malaria are very non-specific and overlap with those of other febrile illnesses, 3 a malaria diagnosis based on clinical grounds alone is unreliable. Microscopic examination of a thick blood film is the standard method for malaria diagnosis and it is only one currently used in provincial or district hospitals in Madagascar or in some private laboratories in the capital of Antananarivo. This method is relatively simple and has low direct costs, but it requires microscopes and trained microscopists; its reliability is also questionable, particularly at low levels of parasitemia and in the interpretation of mixed infections. 4, 5 The new Madagascar national policy for the fight against malaria was elaborated in 2005, and it will be supported by resources from the Global Fund. Its main goal nationally is to reduce morbidity and mortality caused by malaria, especially by reducing transmission in unstable malaria-endemic areas such as in the central highlands and the semi-arid southern region, by reducing mortality in areas of stable malaria in the coastal zones, by improving malaria case management through the implementation of biologic diagnosis based on rapid diagnosis tests (RDTs), and by rapid treatment of positive cases with combinations of artesunate plus amodiaquine.
At the end of 2005 at the request of the National Malaria Control Program (NMCP), the principal recipient of the Global Fund project round 4 for Madagascar launched an invitation for acquisition of an RDT based on the detection of Plasmodium-specific lactate dehydrogenase (pLDH), accord- The Malaria Research Unit of Institut Pasteur de Madagascar was asked to evaluate the performances of three RDTs for malaria diagnosis. The study was designed to assess sensitivity, specificity, and positive and negative predictive values in field conditions of the three RDTs in symptomatically diagnosed malaria patients compared with microscopy of thick or thin blood films. A laboratory study was also carried out to test absolute parasite detection limits of the RDTs.
MATERIALS AND METHODS

Rapid diagnostic tests.
The following chromatographic tests, which were designed to detect pLDH of both P. falciparum and other plasmodia, were included in the study.
The OptiMAL-IT™ test (lots 46110.73.01, 46110.74.01, and 46110.75.01; DiaMed AG, Cressier sur Morat, Switzerland) were used according to the manufacturer's instructions. Ten microliters of blood was added to one drop (30 L) of the buffer in a sample well and mixed. The OptiMAL-IT™ test strip was placed in the well, and the blood-buffer mixture was allowed to wick completely up the test strip (up to 10 minutes). The strip was then moved to a wash well filled with buffer and removed after the buffer had cleared the blood color in the background of the strip (approximately 10 minutes). Interpretation of the test results was done immediately.
The SD Malaria Antigen Bioline™ test (lots T5001, T5002, T5003, and T5004; Standard Diagnostics, Suwon City, South Korea) was used according to the manufacturer's instructions. This test contains a membrane strip encased in a flat plastic housing, and the strip is precoated with two polyclonal anti-bodies (one specific to the pLDH of P. falciparum and the other to the pan-specific pLDH of Plasmodium species). One drop of assay diluent was dispensed into the lysis well. Twenty microliters of whole blood was drawn using a 20-L capillary pipette and mixed with the assay diluent in the lysis well. After one minute, the specimen from the lysis well was transferred to a square sample well using a 10-L capillary pipette. Four drops of assay diluent were added to the well. Interpretation of the test result was done within 20 minutes.
The CareStart™ Malaria test (lots J25IL, J35IL, J45IL, and J55IL; Access Bio Inc., Monmouth Junction, NJ) was used according to the manufacturer's instructions. The test strip was encased in a flat plastic housing. Five microliters of blood were drawn using a capillary pipette and added to the sample well. Four drops of buffer were dispensed into the buffer well. Results from the test were interpreted within 20 minutes.
Field study. This study was conducted in primary health centers in rural areas of Mahasolo (western foothill areas of the highlands) and in Saharevo (eastern foothill areas of the highlands) in October and November 2005. Malaria transmission in both areas is low and predominantly seasonal. The main vector is Anopheles funestus and the number of infective bites associated with P. falciparum is estimated to be 1-2 per person per year.
Febrile patients with typical malaria symptoms coming to health facilities were given complete information concerning the trial and invited to participate in the study. Once informed consent had been given, approximately 3 mL of venous blood was obtained if they had an axillary temperature Ն 37.5°C or history of fever in the past 24 hours. Pregnant women and patients with signs of severe and complicated P. falciparum malaria according to the definition of the World Health Organization (2001) 6 were excluded. The study protocol was reviewed and approved by the expert committee of the NMCP of the Ministry of Health of Madagascar.
Freshly collected blood in an EDTA anti-coagulation tube was first used by a technician to prepare thick and a thin blood smears. The blood sample was then given to a second technician who did each of the immunochromatographic tests according to manufacturers' instructions. All tests were kept at room temperature and opened just before use to avoid humidity damage.
Thick and thin blood smears were made immediately after blood collection and stained with 4% Giemsa for 20 minutes and analyzed by light microscopy by an experimented technician without reference to RDT results. A minimum of 200 consecutive fields was counted in the thick blood film before classifying a slide as negative. Parasites in thick blood films were counted against 200-500 white blood cells. The parasite density was estimated assuming 8,000 white blood cells/L of blood. 4, 7, 8 The results of microscopic examination were reported to the health center physician. If the results were positive for malaria, patients were treated with the first-line treatment according to NMCP recommendations.
Laboratory sensitivity study. The EDTA anti-coagulated P. falciparum-infected blood with approximately 10,000 parasites/L and EDTA anti-coagulated P. vivax-infected blood with approximately 1,000 parasites/L were collected in the primary health center of Mahasolo during the field study and sent to the Malaria Unit laboratory within eight hours in controlled cool box at 4°C. For both samples, parasitemia was verified by microscopic examination. Plasmodium falciparuminfected blood was diluted with uninfected donor blood to produce seven serial dilutions ranging from 10,000 to 150 parasites/ L. Plasmodium vivax-infected blood was diluted with uninfected donor blood to produce five serial dilutions ranging from 1,000 to 65 parasites/L.
Mixtures of the two Plasmodium-infected blood samples were also prepared: 1) four serial dilutions containing mostly P. falciparum-infected blood (2,500 parasites/L of P. falciparum-infected blood and serial dilutions of P. vivax-infected blood ranging from 1,000 to 125 parasitesd/L) and 2) four serial dilutions containing mostly P. vivax-infected blood (1,000 parasites/L of P.vivax-infected blood and serial dilutions of P. falciparum-infected blood ranging from 1,250 to 150 parasites/L). Each dilution level was tested in duplicate by two independent technicians with three RDTs. The proportion of serial dilutions testing positive gave the absolute parasite detection limits for each RDT.
Data analysis. Data were entered, processed, and analyzed using Epi-Info version 3.3.2 software (Centers for Disease Control and Prevention, Atlanta, GA). The chi-square test was used to compare the performance between the three tests and microscopy. P values < 0.05 indicated statistically significant differences.
For sensitivity and specificity, RDT results were compared with Giemsa stain microscopy results. Sensitivity was the proportion of positive test results obtained among samples containing malaria parasites by microscopy. Specificity was the proportion of negative test results obtained among samples whose thick blood films were negative. Positive and negative predictive values were the proportion of true-positive results among all positive samples and the proportion of true negative results among all negative samples.
RESULTS
From October through November 2005, we recruited 194 patients (159 from Mahasolo and 35 from Saharevo) with an age range of 1-57 years (mean ± SD age ‫ס‬ 15.2 ± 12.8 years); 12.9% were < 5 years of age, 33.5% were 5-14 years of age, and 53.6% were > 15 years of age. The male:female ratio was 0.98:1. The mean ± SD axillary temperature was 37.5 ± 0.9°C (range ‫ס‬ 36-40.2°C) and the mean ± SD parasitemia density was 6,564 ± 26,553 parasites/L (range ‫ס‬ 16-233,600 parasites/L). Seventeen percent of these patients reported that they had had previous anti-malarial therapy before consultation (chloroquine in 57.6%, sulfadoxine-pyremethamine [SP] in 30.3%, tetracycline in 6.1%, chloroquine plus SP in 3%, and quinine in 3%).
Microscopy results showed that 90 (46.4%) of 194 had malaria. Plasmodium falciparum was present in 80%, P. vivax in 10%, P. malariae in 6.7%, and mixed infections with P. falciparum and P. vivax in 3.3% of the positive specimens. Details of field study patients positive for Plasmodium spp. by microscopy, the CareStart™ test, the Malaria, SD Malaria Antigen Bioline™ test, and the OptiMAL-IT™ test are shown in Table 1 . Diagnostic performances of the three RDTs are shown in Table 2 and sensitivity of the three RDTs for Plasmodium spp. at different levels of parasitemia is summarized in Table 3 .
On the basis of the World Health Organization recommendation for RDT performance, 7 only two RDTs had a sensi-tivity greater than 95% for samples with parasitemias Ն 100 parasites/L: the CareStart™ Malaria test had a sensitivity of 96.8% (95% confidence interval [CI] ‫ס‬ 89.9-99.5%) and the OptiMAL-IT™ test had a sensitivity of 95.2% (95% CI ‫ס‬ 87.6-98.8%).
As expected, the three test kits had lower sensitivity for lower parasitemias. For detection of P. falciparum, only the CareStart™ Malaria test and the OptiMAL-IT™ test had a sensitivity of 100% for samples with parasitemias > 500 parasites/L (the sensitivity of the SD Malaria Antigen Bioline™ test decreased to 90%). For samples with parasitemias Յ 500 parasites/L, the sensitivity of the three tests decreased to 57.1% for the SD Malaria Antigen Bioline™ test and to 60% for the CareStart™ Malaria test and the OptiMAL-IT™ test. For detection of non-P. falciparum spp., the sensitivity of all three RDTs decreased at parasitemias Յ 5,000 parasites/L, which was a more rapid decrease in sensitivity than for detection of P. falciparum.
Results of pLDH threshold detection levels with the three RDTs at different levels of parasitemia in a laboratory study are shown in Table 4 . For serial dilutions of P. falciparuminfected blood, the three RDTs gave excellent results with a minimum threshold detection level of 150 parasites/L, but surprisingly, for these dilutions, no non-P. falciparum bands were observed at all parasitemia levels with the SD Malaria Antigen Bioline™ test and above 1,250 parasites/L for the CareStart™ Malaria test.
DISCUSSION
In Madagascar, policy makers have decided to implement rapid diagnostic tests to allow a biologic diagnosis where conventional microscopy is not possible. The Malaria Research Unit of Institut Pasteur de Madagascar, with support from the Global Fund project, investigated the field and laboratory performances of three rapid diagnostic tests, two of which were recently introduced, the CareStart™ Malaria test and the SD Malaria Antigen Bioline™ test, and the well-known OptiMAL-IT™ test.
Field studies were designed to test the performance of the three RDTs relative to microscopy with samples from symptomatically diagnosed malaria patients at the level of primary health centers. On the basis of recommendations of the expert committee of the NMCP, we excluded pregnant women and patients with signs of severe and complicated P. falciparum malaria.
The main limitation of the study was to use microscopy as the gold standard method. It is well known that microscopy is imperfect and its sensitivity decrease with parasite density. 9, 10 In practice, microscopy varies a great deal in different settings because of variable techniques of blood film preparation, staining, malaria film reading standards, and the level of expertise of the examining microscopists.
11,12 Therefore, to limit these difficulties, microscopy in our study was performed by experimented technicians who analyzed films independently and were blinded to the RDT results. Moreover, at the end of the study, 10% of the slides were examined by another welltrained technician and no discordant results were found.
The three tests detected P. falciparum malaria with high sensitivity relative to microscopy: 89.4% for the SD Malaria Antigen Bioline™ test, 92.6% for the OptiMAL-IT™ test, and 97% for the CareStart™ Malaria test. However, we observed a significant difference between the results of the SD Malaria Antigen Bioline™ test and the CareStart™ Malaria test (P = 0.005). Detection of P. falciparum antigen by the three tests was also specific: 94.1% for the CareStart™ Malaria test, 97.1% for the SD Malaria Antigen Bioline™ test, and 100% for the OptiMAL-IT™ test. However, we also found a significant difference between the CareStart™ Malaria test and the OptiMAL-IT™ test (P = 0.002). The OptiMAL-IT™ test positive predictive value (100%) was significantly higher than the CareStart™ Malaria test positive predictive value (91.4%; P = 0.001) and the SD Malaria Antigen Bioline™ test positive predictive value (95.1%; P = 0.005). We observed no significant differences in the negative predictive values between the three RDTs. The three tests were more sensitive in detecting P. falciparum infections than non-P. falciparum infections. This trend and values for sensitivity, specificity, positive predictive value, and negative predictive value of the OptiMAL-IT™ test were consistent with the published results of similar studies. [13] [14] [15] [16] [17] We also found variable sensitivities at different levels of parasitemia, which were similar to results of previous studies. 14, [16] [17] [18] [19] For P. falciparum, the sensitivity of the three tests decreased at levels of parasitemia Յ 500 parasites/L. For other Plasmodium spp., the sensitivity of the three RDTs decreased at levels of parasitemia Յ 5,000 parasites/L.
Although samples used in the laboratory study were not true population samples, but artificial samples taken from serial dilutions, our findings supported the field study data. The three tests detected pLDH of P. falciparum at low parasitemias, for all three RDTs, there was a higher threshold detection level for non-P. falciparum pLDH than for P. falciparum pLDH, and the CareStart™ Malaria test and the OptiMAL-IT™ tests were more sensitive than the SD Malaria Antigen Bioline™ test.
All three tests showed several false-positive results for detection of P. falciparum and non-P. falciparum infections in samples that were negative by microscopic examination. False-positive results were reported in earlier investigations with RDTs based on pLDH detection, but these false-positive results did not appear to be detrimental to the usefulness of malaria tests for clinical settings. It is likely that false-positive results were actually true-positive results that were not detected by microscopy because of sequestration that limited the number of circulating parasites at the time of blood collection, 20 because parasitemias were below the threshold detection level of approximately 50 parasites/L by microscopy, or because samples were from patients with circulating rheumatoid factors. 21, 22 Most of the false-negative test results observed with the three RDTs were in samples with parasitemias < 150 parasites/L. However, two samples with high parasitemias (500 and 2,520 parasites/L) showed falsenegative results with the OptiMAL-IT™ test and the SD Malaria Antigen Bioline™ test. These findings were also observed in earlier studies without underlying reasons. 18, 19 Besides the performance of the three RDTs and recommendations of the World Health Organization, 23 policy makers in Madagascar must also take into account other important considerations such as stability, ease of use, and cost of an RDT. There were no large differences between the tests in terms of ease of use. They were all fairly easy to use and interpret, had stable results, and were simple to store with no cold chain requirement for any tests. For all three tests, the device was individually wrapped in a packet with desiccant. Unfortunately, the stability and shelf-life of the three RDTs were not analyzed in this study. Prices provided by the manu- Our results support the idea that under certain circumstances, non-microscopic RDTs for detection of plasmodial antigens may become important diagnostic tools and may be a valuable adjunct to clinical assessment of the patient and blood film microscopy. The performance of the newly developed CareStart™ Malaria test was comparable with the that of the well-established OptiMAL-IT™ test in detecting P. falciparum and P. vivax infection in symptomatically diagnosed patients. The performance of these two RDTs was significantly better than that of the SD Malaria Antigen Bioline™ test. Our results raised concerns over the high number of false-negative results and the sensitivity of the SD Malaria Antigen Bioline™ test for detecting P. falciparum and non-P. falciparum infections. On the basis of our results, recommendations of the World Health Organization, 23 and a report by Ochola and others, 24 further studies should be done in Madagascar to evaluate the performance of other immunochromatographic tests, especially RDTs based on the detection of histidine-rich protein 2 and pan-malarial antigens, which are RDTs more reliable in terms of sensitivity and stability in remote area field conditions.
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